Recently, cholinesterase-based biosensors are widely used for assaying anticholinergic compounds. Primarily biosensors based on enzyme inhibition are useful analytical tools for fast screening of inhibitors, such as organophosphates and carbamates. The present review is aimed at compilation of the most important facts about cholinesterase based biosensors, types of physico-chemical transduction, immobilization strategies and practical applications.
Introduction
Biosensor is an analytical device, which includes three components: (1) bio-recognition element (e.g. enzymes, antibodies, nucleic acids, cells, etc.), which provides biochemical reaction;
(2) physico-chemical transducer which converts biological response to measurable signal (e.g. current, heat, fluorescence) and (3) detector, which identifies the signal [1] [2] [3] . Enzymes are the most often used bio-recognition elements, whereas the most widely applied biosensors are based on electrochemical transduction.
The first biosensor was constructed by Clark and Lyons in 1962. They immobilized glucose oxidase on the amperometric oxygen electrode 4 . Since then, numerous enzyme-based sensors have been developed and presently are used in several areas, such as diagnostics, medicine, drug production, process control, bioreactors, quality control, agriculture, control in industrial waste water, mining, military defence industry, etc.
In enzyme-based biosensors, the biological element is the enzyme which reacts selectively with its substrate 5 and transient or steady-state responses are monitored by the detector 3 . Usually two different approaches can be applied in the measurement of analytes by means of enzymatic biosensor: (i) the target analyte is the substrate for enzyme and the product of enzymatic reaction is measured; (ii) the target analyte acts as the inhibitor of enzyme and the decrease of the enzymatic product formation is measured and correlated to the concentration of target analyte 6, 7 . The schematic representation of enzyme biosensor is shown in Figure 1 .
Usually, only one enzyme is used, but in some cases it is necessary to combine several enzymes to obtain multi-enzyme systems, whereas all used enzymes are incorporated into the same reaction layer 8, 9 . Biosensors based on enzyme inhibition have been applied for a wide range of several analytes such as organophosphorus pesticides, nerve agents, toxins, heavy metals and glycoalkaloids. The development of these biosensors relies on a quantitative measurement of the enzymatic activity before and after exposure to a target analyte 10, 11 .
Cholinesterases
Cholinesterases (ChEs) are a family of enzymes that catalyse the hydrolysis of choline-based esters, several of which serve as neurotransmitters. These serine hydrolases belong to the esterase/ lipase family within the a/b-hydrolase superfamily 12, 13 and are crucial in several important areas, such as neurobiology, pharmacology and toxicology 14 . ChEs hydrolyse choline esters at a higher rate than other esters. In vertebrates there are two enzymes, which are usually defined as cholinesterases: acetylcholinesterase (AChE, EC 3.1.1.7) and butyrylcholinesterase (BChE, EC 3.1.1.8; also known as pseudocholinesterase). AChE plays a crucial role in cholinergic brain synapses and neuromuscular junctions. It participates in the termination of cholinergic impulse by hydrolysis of cholinergic neurotransmitter acetylcholine (ACh). AChE is found in conducting tissues and in membranes of red blood cells 15 . BChE is found primarily in the liver and its function is not clearly defined. It can hydrolyse ACh as well as other choline esters (butyrylcholine, above all) and other synthetic substrates (e.g. 4-aminophenyl acetate) 16 . It has been demonstrated that it plays some role in metabolism of local anaesthetics 17 , novocaine and cocaine [18] [19] [20] . ChEs differ not only by the substrate specificity, but also genetically and structurally 14, 21 . The structure of ChEs is well known. Both enzymes present active centre as a characteristic hydrophobic gorge intruding into the surface of the protein molecule. In both ChEs, there is the same catalytic triad consisting of three amino acids: Ser, His, Glu. The differences in substrate specificity of ChEs are probably caused by different architecture of the base of active site gorge. In AChE, there are two phenylalanine molecules which participate in ACh binding, whereas in BChE these molecules are replaced by smaller molecules of valine and leucine, i.e. the active site of BChE is wider 22 .
ChEs could be inhibited by several compounds. Some of them are used as drugs (e.g. for treatment of Alzheimer's disease, Myasthenia gravis or glaucoma). The nerve agents and pesticides (such as organophosphates and carbamates) also belong to the group of cholinesterase inhibitors. Carbamates and organophosphates can cause similar toxic acute effects and symptoms derived from poisoning 15 . The intoxication by these compounds can led to the overstimulation of nicotinic and muscarinic ACh receptors. Several other symptoms, such as bradycardia, bronchospasm, hypotension, miosis, diarrhoea, vomiting can be observed 23 .
Cholinesterase biosensors
The beginnings of electrochemical cholinesterase sensors are in early 1960s. In 1962, Kramer et al. described electrochemical determination of cholinesterase and thiocholine esters 24 . The first biosensor based on inhibition of cholinesterase was developed in 1962 by Guilbault et al. and was used for determination of organophosphorus compounds 25 . Since then, a large number of ChE-based biosensors were developed for determination of various substances, including toxic compounds such as nerve agents and pesticides. A common disadvantage of ChE biosensors is the irreversible character of inhibition caused by toxic agents in the course of analysis.
The source of enzyme has an important effect on the biosensor efficacy. Several ChEs are available from different source, such as Electrophorus electricus, Drosophila melanogaster, human or bovine erythrocytes, human blood, horse serum, etc. Generally, ChEs isolated from insects are more sensitive than those extracted from other sources. Moreover it is possible to use recombinant ChEs which also allow improvements on the sensitivity of biosensors 26 .
Classification of cholinesterase based biosensors according to the transduction

Electrochemical biosensors
Electrochemical analysis is one of the most widely applied detection technique in biosensor systems. The principle of electrochemical biosensors is based on the fact that in the course of chemical reactions between enzyme and target analyte ions or electrons are produced or consumed. This results in the change of the electrical properties of the solution. According to the measurable property electrochemical sensors are divided into potentiometric, amperometric and conductometric 3 .
The electrochemical cholinesterase based biosensors can be divided into two groups: (1) mono-enzymatic in which only ChE is used as biorecognition element and (2) bi-enzymatic in which ChE is coupled to choline oxidase (ChOx) 27 .
Potentiometric biosensors. Electrochemical biosensors based on immobilized ChEs can use potentiometric principle, when activity of ChE is expressed as a change of pH of medium. The acidification of medium is achieved by adding of natural substrate acetylcholine (butyrylcholine), resulting in releasing of acetic (butyric) acid 28 .
In 1949, Michel reported a new method for the routine determination of blood ChE. In this method ChE activity is expressed as the rate of pH change as a result of the released acetic acid as a product of ACh hydrolysis 29 . This method is not usable for detection of ChE inhibition caused by carbamates because of a long assay time more than 60 min (carbamoylated ChE is unstable). Mohammad et al. described simple electrochemical method for determination of ChE activities in human plasma, erythrocytes and whole blood. This method is very similar to the original Michel's method, but is faster, more sensitive and usable also for detection of ChE inhibition induced by carbamates 30 .
Potentiometric biosensors are usually based on the use of ionselective electrode or ion-sensitive field effect transistor (ISFET) with the ability to detect ion concentration in solution 2,31,32 . Hai et al. prepared AChE biosensor based on ISFET (surface consists of Al 2 O 3 ) with using the cyanuric-chloride as the coupling molecule in order to detect acetylcholinesterase inhibitors 32 . Enzyme-modified ISFETs are based on a change of pH caused by an enzymatic reaction. Khaled et al. reported a sensitive disposable screen-printed butyrylcholine potentiometric sensor for monitoring of BChE activity. This biosensor was used for realtime intoxication monitoring through assaying of BChE activity in human serum 33 .
The pH shift caused by the releasing of acetic acid from ACh can also be determined by the colour change of an indicator rather than with a pH or potentiometric meter. Several spectrophotometric indicators such as phenol red, m-nitrophenol, cresol red, bromcresol purple 34 , bromthymol blue, etc. or pH-sensitive fluorescence indicators 35 have been used.
Amperometric biosensors. Amperometry is based on measurement of the current resulting from the electrochemical oxidation or reduction of an electroactive species, whereas constant potential is embedded at working electrode.
Amperometric biosensors are suitable alternatives to potentiometric ones and are quite simple in comparison with potentiometric devices 36 . They provide a linear output signal which depends on the concentration of analyte. There are two modes for evaluation of cholinesterase activity. The first one is called monoenzymatic and is based on immobilized AChE (BChE) and replacement of ACh (BCh) by an alternative substrate acetylthiocholine (ATCh) or butyrylthiocholine. Produced thiocholine (TCh) is oxidized to dithiol by embedded voltage (approximately +450 mV) and anodic oxidation current of TCh is inversely proportional to the concentration of the inhibitor in sample 36, 37 . The mechanism of reaction (for AChE/ATCh) is shown in Figure 2 .
For reduction of the applied potential and the electrochemical interferences several redox mediators, such as prussian blue 38-40 , 7,7,8,8-tetracyanoquinodimethane 41,42 , tetrathiafulvalene 43 , Cophthalocyanine 38, [44] [45] [46] , ferricyanide 47 , cobalt hexacyanoferrate 48 can be used. Besides the decreasing of the working potential, the use of mediators improves reproducibility and sensitivity of thiocholine detection. Usually mediators are implemented in the electrode materials (i.e. carbon paste or carbon ink of screenprinted electrodes) or placed onto the surface of the working electrode 49 . The application of mediator for decreasing of the working potential is shown in Figure 3 .
Another possibility to reduce the applied potential is the using of novel materials such as carbon nanotubes [50] [51] [52] [53] [54] [55] [56] . Carbon nanotubes exhibit electrocatalytic activity toward thiocholine and possess high surface area. The use of carbon nanotubes can facilitate operation at a low applied potential (+200 mV) without the use of redox mediator and immobilization of ChE without a membrane or any chemical treatment 53 .
Dutta et al. developed a highly sensitive AChE biosensor for detection of organophosphate and carbamate pesticides. The enzyme was electro-immobilized into a thick conducting layer of polypyrrole, which lowers the oxidation potential of thiocholine to +100 mV and amplifies the amperometric signal 57 . El-Moghazy et al. reported biosensor based on a genetically-engineered AChE which was immobilized in polyvinylalcohol/Fe-Ni alloy nanocomposite. This design allows lowering the applied potential to +30 mV versus Ag/AgCl. Developed biosensor was used for detection of phosmet in olive oil 58 .
La Rosa et al. proposed the use of 4-aminophenyl acetate as alternative substrate for ChE 59, 60 . The enzymatic product 4aminophenol was oxidized at +250 mV. The use of 4-aminophenyl acetate as a substrate allows to avoid interferences from the oxidation of other electroactive compounds [59] [60] [61] [62] .
The second mode (called bi-enzymatic) is based on involvement of ChE commonly with choline oxidase (EC 1.1.3.17) and oxygen or hydrogen peroxide amperometric transducer 63 . In this mode ACh is hydrolysed by AChE to choline (Ch) and acetic acid.
Choline is not electrochemically active and cannot be detected directly. Therefore the second enzyme -choline oxidase -is involved in biosensor design. This enzyme oxidises choline to betaine and hydrogen peroxide, which can be detected amperometrically 63 . The mechanism is shown in Figure 4 .
The enzymatic activity can be detected by means of the oxygen decrease measurement using Clark's electrode 64 or the increase of hydrogen peroxide 65 which can be measured amperometrically at around +600 mV versus Ag/AgCl using a platinum electrode. Moreover it is possible to achieve the decreasing of the applied potential by using of redox mediators, such as prussian blue 66, 67 , ferophthalocyanine 68 , or by adopting novel materials such as carbon nanotubes 69, 70 . Multi-walled carbon nanotubes-modified screen-printed carbon electrodes offer a significant catalytic effect for the reduction and oxidation of hydrogen peroxide 70 .
Amperometric biosensors can be used for diagnostics of intoxication by organophosphates observing the activity of blood cholinesterases 37 . There are several analytes which can be assayed by amperometric cholinesterase biosensor, i.e. pesticides (paraoxon, dichlorvos, sulfotep), nerve agents (sarin, soman), aflatoxin, novel anticholinergic drugs [71] [72] [73] [74] [75] [76] . An amperometric biosensor with immobilized BChE was used for detection of nerve agents in the air 77 .
Amperometric biosensors are the most often used cholinesterase biosensors, whereas mono-enzymatic ones are more frequent because of their simpler construction. The examples of amperometric cholinesterase biosensors, their design and applications with corresponding references are summarized in Table 1 .
Conductometric biosensors. Some enzymatic reactions may be monitored by ion conductometric or impedimetric devices [78] [79] [80] . In the case of conductometric biosensors the analytical information is obtained by measuring of electrolyte conductivity 2 . These biosensors do not require the reference electrode and the convertor provides the possibility of miniaturization, which is the main advantage of these sensors 14 . A conductometric transducer was employed for the detection of the activity of ChE catalyzing the hydrolysis of ACh into charged product, thus increasing the conductivity of the solution. Conductometric biosensors usually consist of a pair of linked thin-film metal electrodes on a carrier. The layer with immobilized enzyme is formed on the top of the electrodes. In the course of enzymatic reaction high mobile hydrogen ions are produced. This results in the changes in solution conductivity inside the layer with immobilized enzyme. The conductivity measurements are usually performed by applying a small-amplitude voltage to the electrodes 81 . The main drawback of conductometric biosensors compared to amperometric and potentiometric ones is their relatively lower sensitivity.
A conductometric biosensor based on AChE for analysis of aflatoxin B1 in food, feed and other environmental assays was developed by Soldatkin et al. 82 Bakas et al. reported electrochemical impedimetric sensor, which is based on molecularly imprinted polymers/sol-gel chemistry for the detection of organophosphorus insecticide methidathion in waste water samples 83 . Stepurska et al. reported the development of the conductometric biosensor for the analysis of organophosphorus pesticides, heavy metal ions, surfactants, aflatoxins and glycoalkaloids as AChE inhibitors 84 .
Cholinesterase-based biosensors have a major disadvantage: it is not possible to measure different pesticides (as ChE inhibitors) selectively. They provide a sum parameter of ChE inhibition, but there is no qualitative or quantitative information about the individual compounds. One approach for solving this problem involves the application of multisensor arrays 85 . Arkhypova et al. linked two converters for this purpose -the potentiometric one with a pH-sensitive transistor and the conductometric one with thin-films interdigitated electrodes. Three enzymes (urease, AChE and BChE) were used. This multisensor array enables simultaneous identification of some heavy metals and pesticides 86 . The result of hydrolysis is the consumption of urea (with urease) or production of proton (with AChE or BChE), which causes the increase in pH and changes to conductivity at membranes with a subsequent possibility of potentiometric or conductometric detection 86 .
Multisensor arrays are usually combined with the data processing of artificial neural networks. Moreover genetically engineered ChEs with specific and high inhibition constants for the target analytes are required for the compound-specific multianalyte detection 85 .
Photoelectrochemical biosensors
Photoelectrochemistry is a promising analytical method based on the semiconductor electrode, that employs current or potential as a detection signal with light as an excitation source [87] [88] [89] [90] [91] . In presence of irradiation, electrons leave valance band and move to the conduction band 88, 92, 93 . Photoelectrochemical (PEC) biosensors combine some advantages of both optical methods and electrochemical sensors 94 . In PEC sensors, a sequence of charge transfer processes has to occur between the analyte, photocatalytic material and electrode so that the output photocurrent can be effectively utilized 95 .
Some metal oxide semiconductor nanoparticles such as ZnO, ZrO 2 and TiO 2 have been used as significant PEC materials [96] [97] [98] [99] [100] [101] [102] . Especially TiO 2 has been intensively investigated for several PEC applications due to its nontoxicity, strong oxidizing power, hydrophilicity, cheap availability, biological and chemical inertness, and stability 92,101,103-105 . However, TiO 2 is effective only under ultraviolet irradiation 106, 105 .
Thiocholine, a product of by AChE catalysed hydrolysis of ATCh, can act as an electron donor, generating a photocurrent. Then the photocurrent is related to the concentration of the inhibitor 94,107-109 . 
Optical biosensors
The production of acetic acid during the ACh hydrolysis catalysed by AChE leads to the decrease of the pH in the local environment of the enzyme. This fact could be utilized for monitoring the reaction using optical biosensors -the pH decrease resulting from the enzymatic activity can be converted to an optically measurable signal by immobilized pH indicator.
There were described different optical biosensors for the detection of pesticides, drugs or neurotransmitters. Danet et al. 
Piezoelectric biosensors
The quartz crystal microbalance, as a mass sensitive detector, has been widely used in the biosensors development. The sensitivity of a quartz crystal microbalance enzyme sensor can be boosted by employing the precipitation of enzymatic reaction products to increase the mass deposition. Abad et al. described a biosensor based on the quartz crystal microbalance for the determination of organophosphorus and carbamate pesticides. They used 3-indolyl acetate as a substrate and detected produced insoluble indigo pigment product accumulating on the crystal surface 120 . Alfonta et al. reported threeenzymatic (AChE, ChOx, horse-radish peroxidase, HRP) sensor to determine ACh. The determination was based on HRPmediated oxidation of 3,3 0 ,5,5 0 -tetramethylbenzidine by hydrogen peroxide and the formation of the insoluble product on the transducer. The amount of insoluble product correlates with the concentration of ACh 121 . Karousos et al. designed very similar configuration, but they used 3,3-diaminobenzidine as a substrate, which is converted by HRP to an insoluble product that precipitated out and adsorbed on the crystal surface. This results in the decrease in the resonant frequency of the crystal. This sensor was applied for the determination of organophosphorus (dichlorvos) and carbamate (carbaryl) pesticides 122 
Immobilization strategies
The stable attachment of the enzyme on the surface of transducer is the most important step in biosensor construction and it came about to solve several problems, such as loss of enzyme, preservation of enzyme stability and shelf life of the biosensor. The enzyme immobilization can provide the reduction of the time of enzymatic response and offers disposable devices which can be easily used in stationary or in flow systems. Each immobilization technique has some advantages and disadvantages. The choice of the most applicable technique depends on the enzyme nature, the transducer and the detection mode 127 . The most frequently used immobilization techniques include adsorption, physical entrapment, microencapsulation, covalent binding and cross-linking and are depicted in Figure 5 .
Adsorption
Physical adsorption is one of the simple approaches to immobilize the enzyme onto the surface of sensor. It consists of simple deposition of ChE onto the surface of working electrode and attachment of ChE through weak bonds such as van der Waals forces and electrostatic or hydrophobic interactions between enzyme and the transducer 128 . Enzyme is dissolved in solution consequently it is applied onto the surface of working electrode and fixed for period of time. The excess of enzyme is then removed by washing with buffer. This immobilization method does not involve any functionalization of the electrode material. However this technique suffers from enzyme desorption (resulting from changes in temperature, pH, ionic strength) and nonspecific adsorption.
Physical adsorption was used by many authors. Bonnet et al. immobilized AChE onto the surface of screen-printed electrode 
Entrapment
Methods of physical entrapment such as in sol-gel matrices and lattice of a polymer matrix or membrane have also been described 132, 133 . This type of immobilization presents easy technique for performing and allows a simple fabrication of the electrode in which enzyme, mediators and additives can be positioned simultaneously in the same layer. Compared to other immobilization techniques it enables the anchorage of a great amount of enzyme, thermal and chemical stability and the possibility for selection of size and shape of pores for penetration of a substrate or inhibitor. There is no modification of the biorecognition element so that the activity of the enzyme is maintained during the immobilization process. Moreover several types of enzyme could be immobilized within the same polymer. Biosensors in which enzymes are physically entrapped are often characterized by increased operational and storage stability. The main drawbacks are enzyme leaking and high concentrations of monomer and enzyme needed for electropolymerization 127 mono-enzymatic biosensor for the direct, sensitive and selective determination of methyl parathion and acephate using AChE immobilized by sol-gel on the surface of carbon paste electrode 138 .
Covalent binding
Covalent binding of enzyme to polymeric matrix is a very popular and the most widely used chemical immobilization method for developing of enzymatic biosensors. Enzymes are bound to the surface through functional groups that they contain whereas these groups are not essential for their catalytic activity. The covalent immobilization is carried out in three steps: (i) activation of the surface using bifunctional reagents (e.g. glutaraldehyde), (ii) enzyme coupling to the activated support and (iii) removing of excess and unbound enzyme molecules 127 . Bifunctional reagents bind on the support side the activated amino, carboxyl or hydroxyl groups and on the other end with the enzyme.
This immobilization technique can increase the stability of enzyme but on the other hand a relatively larger amount of enzyme is necessary and biosensor present lower reproducibility.
Covalent coupling is closely related to cross-linking because usually both these techniques are involved in immobilization procedure.
Cross-linking
Immobilization by cross-linking of the enzyme with glutaraldehyde or other bifunctional agent (e.g. carbodiimide, succinimide, aminopropyltrioxysilane, glyoxal, hexamethylenediamine) is one of often used methods for enzyme immobilization 127 . The crosslinking with glutaraldehyde is attractive method of immobilization because of its simplicity. Moreover this technique could increase the attachment of the enzyme to the transducer and thus, the electron exchanges could occur more directly 10 . It is possible to use for enzyme immobilization glutaraldehyde only 44, 139 , or combine it with BSA to maintain the stability of AChE 51,140-142 . The main disadvantage of this method is the possibility of the activity decline caused by the distortion of the conformation of enzyme and the chemical changes of the active site during cross-linking 127 .
Gogol et al. designed biosensor with immobilized BChE from horse serum onto the nafion layer by cross-linking with glutaraldehyde vapours for determination of cholinesterase inhibitors trichlorfon and coumaphos 143 . Pohanka et al. designed an electrochemical biosensor with AChE immobilized via glutaraldehyde in the presence of BSA on three-electrode screen-printed sensor for detection of nerve agents -tabun, soman, sarin, cyclosarin and VX 72 . Besides simple immobilization of AChE via glutaraldehyde, there were described several techniques of enzyme immobilization via glutaraldehyde on a performed self-assembled monolayer 47, [144] [145] [146] [147] [148] .
Gelatin
Gelatin represents reducing and stabilizing reagent and can be used in many areas of immobilization of enzyme. Using gelatin in immobilization of AChE was described by Timur and Telefoncu, when the mixture of AChE and gelatin was prepared and deposited on the sensitive area of the pH electrode by deep coating method 149 . Pohanka et al. used gelatin in connection with glutaraldehyde. They prepared a chronoamperometric biosensor useable in determination of inhibitory effect of nerve agents 150 .
Chitosan
Chitosan is a biological cationic macromolecule with primary amines. It chitosan provides biocompatible nature to the enzyme 151 . Due to the several properties (e.g. excellent filmforming ability, high permeability toward water, biocompatibility, nontoxicity, easy-handling, high mechanical strength) chitosan is a preferred matrix for maintaining the high biological activity of biomolecules and enhancing the sensitivity of the sensor 152, 153 . Because of its tempting properties, chitosan has received much interest as material for design of modified electrodes and glutaraldehyde was widely used as cross-linker. Sun et al. described the technique where chitosan membrane was used for immobilization of AChE through glutaraldehyde cross-linking attachment to recognize pesticides selectively. Multi-walled carbon nanotubes, gold nanoparticles and prussian blue were used for modifying glassy carbon working electrode 154 reported an amperometric biosensor based on a conducting polymer using multi-walled carbon nanotubes for detection of organophosphates. The AChE was immobilized by covalent binding on the modified graphite electrode 54 .
Nanoparticle-based ChE biosensors have many advantages. They can allow the increase of the stability and promotion of the catalytic reduction of redox species 132 . Gold nanoparticles can be used for immobilization of AChE. They provide a conductive pathway that endorses electron transfer reactions to lower potentials and increases the surface hydrophilicity for immobilization of enzyme 157 . Du et al. proposed a simple strategy for the design of an electrochemical sensor based on enzyme-induced growth of gold nanoparticles without adding gold nano-seeds 158 . In another work, Du et al. used one-step electrochemical deposition of gold nanoparticles in chitosan hydrogel onto the planar gold electrode to create a favourable surface for the attachment of AChE 159 . A sensitive amperometric biosensor based on AChE immobilized on gold nanoparticles and silk fibroin modified platinum electrode for detection of methyl paraoxon, carbofuran and phoxim was designed by Yin et al. In this case, silk fibroin provides a biocompatible microenvironment around the AChE to stabilize its biological activity. Moreover it prevents it from leaking out of electrode 108 . In 2010, Jha and Ramaprabhu developed an amperometric biosensor based on gold nanoparticles dispersed on the outer surface of multi-walled carbon nanotubes for the detection of paraoxon 160 . Liu et al. reported a sensitive dual-readout assay (colorimetric and fluorometric) for detection of organophosphorus and carbamate pesticides in complex solutions. The assay is based on rhodamine B-covered gold nanoparticles 161 .
Quantum dots (QDs) are nanoscale semiconductor devices that tightly confine either electrons or electron holes in all three spatial dimensions 162, 163 . QDs are highly luminescent photostable fluorophores. They have been used for biosensing applications because of their size-dependent properties and dimensional similarities with biological macromolecules 164, 165 . QDs are capable of improving stability toward photobleaching, when compared to organic fluorophores, and appear particularly efficient in high sensitivity techniques aiming at single-molecule detection 166 . Recently, enzymatic biosensor consisting of two enzymes (AChE, ChOx) and CdTe-QDs based on fluorescence was developed for detection of organophosphates 9 . Du et al. reported the development of AChE biosensor based on modified glassy carbon electrode with CdTe QDs and gold nanoparticles. For immobilization of AChE, chitosan was used 167 .
Affinity
Immobilization methods based on (bio)affinity interactions between enzymes and (strept)avidin molecules, lectins or sugars are quite popular. These techniques allow to immobilize the enzymes in an ordered and site-specific manner. This results in the development of efficient biosensors 168 . Biotinylation of enzyme can be achieved via a covalent coupling of biotin to the enzyme by the use of biotin-ester reagents that preferentially modify lysine residues 169 .
Yao et al. used biotinylated enzymes (AChE, ChOx) to develop chemiluminescent biosensors for the detection of acetylcholine and choline in biological fluids 170 . First streptavidin was entrapped in a polyacrylamide gel by using a small quantity of glutaraldehyde. Then this way prepared membrane was incubated in the presence of biotinylated ChOx and AChE 170 . Gao et al. used streptavidin-biotin for AChE immobilization onto the carbon nanotube 171 .
For immobilization of enzyme, it is possible to use bioaffinity attachment using concanavalin A. Bucur et al. reported a new method of AChE immobilization based on the high affinity interaction between the enzyme and concanavalin A for amperometric screen-printed AChE biosensor 172 . One year later the same group presented another work concerning with the possibility of using of concanavalin A for immobilization of AChE and preparation of AChE biosensor. In this work, surface of the working electrode was modified with a Nafion layer that contains graphite, 7,7,8,8-tetracyanoquinodimethane as a mediator and heptylamine 173 . Ivanov et al. described immobilization of AChE via concanavalin A together with glutaraldehyde. They used this biosensor for detection of organophosphorus pesticides 174 .
Every immobilization method has some advantages and disadvantages. Therefore sometimes it is very useful to combine several immobilization methods. For example, Dutta et al. reported the immobilization technique based on electro entrapment of AChE in polypyrrole in the presence of a low amount of KCl followed by cross-linking with glutaraldehyde and gelatin 57 .
Applications
Cholinesterase biosensors are usable for several applications, among them the determination of pesticides and nerve agents is the most widespread. DOI: 10.1080 DOI: 10. /14756366.2016 Pesticides Pesticides are relevant pollutants because of their large amounts released into the environment. For this reason, many countries have established maximum residue levels in food products 175 . Enzymatic detection of pesticides is mainly based on ChE inhibition. Pesticide biosensors are highly useful in agriculture, food industry and medicine. Pesticides belong among the most important environmental pollutants due to their increasing use in agriculture. In the export and import of food materials portable biosensors with quick response are convenient for fast detection 151 . Biosensors based on cholinesterase were used for determination of pesticides in food 40, 44, 66, 137, 139, [176] [177] [178] [179] , water 34, 38, 40, 177, 180 and soil 52 . The most studied pesticides are paraoxon, carbofuran, aldicarb, dichlorvos and diazinon.
If the biosensor has the capability to detect the pesticide selectively present in clinical samples, it would be highly advantageous for diagnosis and treatment in the medical sector 151 .
Nerve gases
Biosensors are used for early detection of chemical warfare agents, especially nerve gases, such as sarin, soman, tabun and VX 72, 77, 151, 181, 182 . Nerve gases have similar structure as organophosphorus insecticides, but present a much higher mammalian toxicity. It is desirable to develop a simple warning system, which is reliable and portable and readily available for soldiers and medical personnel. This system should be able to detect the presence of very low amount of nerve gases in real time. The detection of nerve agents is based on the same principle as for insecticides. These devices are usually based on presence of AChE (preferred) or BChE as a bio-recognition element. AChE, usually from bovine erythrocytes, Electrophorus electricus, Drosophila melanogaster and Torpedo californica, is irreversible inhibited by organophosphorus compound 183 
Anatoxin-a(s)
Anatoxin-a(s) is a hazardous toxin released by cyanobacteria during bacterial blooms 191 . It is a natural organophosphate which acts as irreversible, active inhibitor of AChE and occupies both the anionic and esteratic parts of the active site 192 . Two research groups developed simultaneously two different approaches for designing biosensors for detection of anatoxin-a(s). One of them is based on the no reactivation of the inhibited ChE 193 and the second one on the use of recombinant ChEs 194 .
Heavy metals
Heavy-metal monitoring in water and food and in the environment is a crucial task because of their high toxicity, increasing environmental levels, and ability to accumulate in living organisms. Enzyme biosensors for the determination of arsenic based on its inhibitory action on the activity of AChE were described in 1998 by Stoytcheva et al. 195 More recently, various configurations based on immobilization of this enzyme onto the different electrode materials have been reported. Sanllorente-Méndez et al. developed enzymatic amperometric procedures for measuring arsenic, based on the inhibitory action of this metal on acetylcholinesterase enzyme activity. AChE was covalently bonded directly onto the surface of screen-printed carbon electrodes 196 .
Glycoalkaloids
Glycoalkaloids are a family of chemical compounds derived from alkaloids in which sugar groups are appended. Some of them are potentially toxic. A prototypical glycoalkaloid is solanine, which is found in potato. Soldatkin et al. reported applicability of BChE biosensor based on pH-ISFETs for direct determination of total glycoalkaloid content in real potato samples. BChE was immobilized via glutaraldehyde in the presence of BSA 197 . Benilova et al. used pH-sensitive field effect transistor with immobilized BChE for the detection of solanaceous glycoalkaloids 198 . In 2014, Espinoza et al. present a rapid, selective, and highly sensitive detection of a-solanine and a-chaconine using sensors based on ChE. Genetically modified AChE entrapped in photocrosslinkable polymer poly(vinyl alcohol) PVA-AWP directly onto the surface of working electrode was used 199 .
Conclusion
Many substances with anticholinergic effect found assertion in agriculture, medicine, industry and many other branches. Moreover these substances (especially organophosphorus compounds) can be used in the military or misused for terrorism. Due to their toxicity they present a potential risk for living organisms. For this reason, the importance of their early detection and analysis is growing. Suitable devices for this purpose are biosensors based on cholinesterases. These analytical tools have been applied in many areas of life-science research, diagnostics, environment, food control and military defence industry. The review reports various types of physico-chemical transduction, immobilization techniques and practical applications of cholinesterase based biosensors.
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